Polymorphism at the vitamin D receptor gene was examined in relation to bone mineral density (BMD) at spine, femur, and forearm in 86 monozygotic (MZ) and 39 dizygotic (DZ) adult female twins. All were white, 63 pairs (44 MZ, 19 DZ) were premenopausal, and 43 pairs (31 MZ, 12 DZ) were discordant for age at menopause or use of estrogen. Each individual of the DZ pairs and one individual of MZ pairs was genotyped for ApaI, BsmI, and TaqI polymorphism at the vitamin D receptor gene locus using Southern hybridization. Intraclass correlations for BMD in MZ and DZ twin pairs indicated that heritability accounted for over 70% of BMD. There was no relationship between genotype for any of the three polymorphisms and BMD at any skeletal site in the twin population, considered either as a total population, both with and without twins discordant for age at menopause or use of estrogen, or as a premenopausal population. In DZ twin pairs discordant for alleles for the three polymorphisms, no allele was associated with higher or lower BMD. It is concluded that in this population of healthy adult females there was no relationship between these polymorphisms at the vitamin D receptor gene locus and BMD. Intraclass correlations for BMD in MZ and DZ twin pairs indicated that heritability accounted for over 70% of BMD. There was no relationship between genotype for any of the three polymorphisms and BMD at any skeletal site in the twin population, considered either as a total population, both with and without twins discordant for age at menopause or use of estrogen, or as a premenopausal population. In DZ twin pairs discordant for alleles for the three polymorphisms, no allele was associated with higher or lower BMD.
Introduction
Density of bone is strongly inherited. From studies of monozygotic (MZ) ' and dizygotic (DZ) twins, inheritance is estimated to account for between 60% and 80% of the bone mineral density (BMD) in both men (1) and women (2, 3) . BMD is a major determinant of bone strength (4) (5) (6) . Within the normal range of BMD, a decrease of one standard deviation approximately doubles the risk of fracture (7) (8) (9) (10) , indicating that the risk of developing age-related osteoporotic fractures is, in part, heritable.
Identification of genetic markers that relate to inheritance of BMD in the normal population is of central importance for both identifying subjects at risk of age-related osteoporosis and understanding the mechanisms involved in the heritability of BMD. In a study involving both healthy women and MZ and DZ adult twins from Australia, Morrison et al. ( 11) have shown a strong relationship between polymorphism at the vitamin D receptor (VDR) gene and BMD at the spine. A similar but weaker relationship was present at the hip. These investigators reported that, in their twin population, homozygotes for the VDR gene alleles defined by the restriction endonuclease BsmI differed in spinal BMD by over one standard deviation of the normal population. Such a difference suggests that the genetic variation in BMD of the normal population is largely accounted for by polymorphism at the VDR gene locus. Furthermore, in their healthy pre-and postmenopausal women, the difference in BMD between the two groups homozygous for the VDR gene alleles resulted in a 10-yr difference in spine density and an 8-yr difference in hip density.
In addition to BsmI (12) , restriction fragment length polymorphisms at the VDR gene have been described with the endonucleases ApaI ( 13) , EcoRV ( 12) , and TaqI ( 14) . In this study, we have examined the relationship between the genotypes defined by polymorphisms for Apal, BsmI, and TaqI at the VDR gene, and BMD at the lumbar spine, upper femur, and forearm in a population of healthy adult female MZ (14) . Analysis and Statistics. To examine whether discordance for age at menopause, use of estrogen, or postmenopausal status influenced the relationship between polymorphisms at the VDR gene and BMD, the twin population was analyzed as three separate groups. First, they were analyzed as a total population (total) irrespective of history of estrogen use and age at menopause. Second, they were analyzed as a subgroup with all twin pairs discordant for age at menopause (difference between pairs of 2 yr and more at age of menopause, if they were within 5 yr from menopause at the time of the BMD measurement), or use of estrogen removed from the total population (total -menopause:estrogen). Third, all premenopausal twin pairs were analyzed as a separate subgroup (premenopausal).
The degree of relationship in the MZ and DZ twin pairs was estimated by intraclass correlations, rMZ, and rDZ, respectively, where rMZ = (aMZ -wMZ)/(aMZ + wMZ), and aMZ is among pair mean squares and wMZ is within pair mean squares (16). rDZ is similarly calculated. Heritability (H2) was estimated as 2 (rMZ -rDZ) (17) .
The rDZ for twins discordant and concordant for genotype for the three polymorphisms was also calculated.
Differences in BMD among the three genotypes for the three polymorphisms were tested using ANOVA. Differences in BMD among genotypes adjusting for age, height, and weight were tested using analysis of covariance. The direction of the differences in BMD between DZ twins discordant for genotype for the three polymorphisms was assessed using paired t tests. t tests were used to assess differences in mean age, height, and weight between MZ and DZ twins. The expected frequency of discordant and concordant DZ twins for genotype for the three polymorphisms was determined using the ITO method as described by Li (18) .
Results
There were 44 MZ and 19 DZ premenopausal twin pairs, and 31 MZ and 12 DZ postmenopausal pairs were using estrogen or were discordant for age of menopause (Table I ). There were no significant differences in the mean age between all MZ and DZ twin pairs (total), with the twin pairs discordant for age at 
menopause or use of estrogen removed (total minus [menopause/estrogen]), or as premenopausal twin pairs (premenopausal). The DZ twins, however, were taller and significantly heavier (P < .05) than MZ twins in each of the three population groups examined. Intraclass correlations for BMD at spine, upper femur, and distal site of the forearm in MZ twins were about twice that of the corresponding DZ twins, indicating that heritability (H2) accounted for over 70% of BMD at these sites (Table II) . At the proximal site of the forearm, heritability accounted for only -40% of the BMD. In the subpopulation that did not contain pairs of twins discordant for age at menopause or use of estrogen, and in the subpopulation of premenopausal twins, the rMZ was, in general, more than twice the corresponding rDZ.
The genotype and allele frequencies for ApaI, BsmI, and TaqI were similar in MZ and DZ pairs ( Table Ill) . The genotypes were in Hardy-Weinberg equilibrium and the numbers of concordant and discordant DZ twins were not significantly different from that expected (18) . In 39 pairs of DZ twins, 17 were discordant for ApaI, 14 for BsmI, and 15 for TaqI. In 12 pairs, there was discordance for all three polymorphisms; two pairs were discordant for BsmI and TaqI but not for ApaI; one pair was discordant for TaqI only; and five pairs were discordant for ApaI only. BsmI, TaqI, and Apal polymorphisms were related very closely, with 98% of subjects concordant for genotype for BsmI and TaqI, and 79% for BsmI and ApaL.
BMD at spine, femur, and forearm of all subjects in the MZ and DZ twin populations combined, in relation to the genotypes for each of the three polymorphisms, is shown in Table IV and Fig. 1 . There was no significant difference in BMD at any of the skeletal sites between the three genotypes for any of the three polymorphisms. Correcting BMD for the effect of height, weight, and age did not alter these relationships between genotype and BMD, and all remained nonsignificant. The statistical power of this study, based on the results reported by Morrison et al. ( 11) , to detect a relationship between spinal BMD and BsmI genotype, ranged from over 99% in our total twin popula- tion to over 92% in our smallest subgroup, the premenopausal twin population (Table V) . The relationships between genotype and spinal BMD for the three polymorphisms in the DZ twins that were discordant for the alleles are shown in Fig. 2 These results are in marked contrast to the findings of Morrison et al. (11) , who found that the presence of allele "b" was associated with greater bone density. In their twin study the effect of allele b accounted for most of BMD that is derived from inheritance, and, in DZ twins concordant for genotype, the intraclass correlation coefficients were similar to those of the MZ twins, who have 100% of genes in common. For example, Morrison et al. ( 11) showed that, in individuals with genotype bb, the mean spinal BMD of their total twin population was 1.25 g/cm2, 0.16 g/cm2 higher than genotype BB, whereas in our individuals with bb genotype, the mean spinal BMD was 1.12 g/cm2, 0.04 g/cm2 lower than our BB group. Although our BB group was somewhat smaller (n=37) than theirs (n=53), our bb group was larger (n=85) than theirs (n=68), and therefore, the differences between the two studies cannot be due to sample size. Moreover, correcting for age, weight, or height as covariants did not alter the significance of any results; nor is it likely to be due to lack of power. In our total twin population, we had between 99 and 92% power, and in our DZ twin discordant for genotype, we had between 99 and 78% power, depending on the subgroups examined, to detect the effect-sizes reported in the Australian study.
The frequencies of genotypes and alleles in our twin population were very similar to those we have previously reported for the general white population in Indiana from which our twins are largely drawn (14) . A frequency of 22% for the BB genotype reported by Morrison et al. (11) in their twins was higher than the 16% they found in the general population and higher than the 15% we found in our twin population. Also, a frequency of 28% for the bb genotype in the Australian twins is less than the 36% frequency in the Australian population and the 34% of our twin population. These differences in genotype frequency may represent differences in genetic background of the twin populations of Indiana and Australia, because, as we have shown, there are racial differences in the BsmI allele frequency (14) . However, both populations are of north European ancestry, and racial differences are unlikely to be responsible. Another difference between the two studies is that in the Australian data there is an anomaly in the number of DZ twins discordant for genotype. There were seven discordant twin pairs (BB, bb), whereas, only 1.7 is expected based upon their reported gene frequencies (xl2= 16.4, P < 0.001) (18) .
Polymorphism was established by Southern hybridization in our study, using a 1.4-kb cDNA probe encoding the fulllength VDR (15), whereas in the Australian study polymorphism was established by PCR of the DNA in the region from exon 7 to the 3' untranslated region, based on studies using a 2.1-kb cDNA probe (19) . To exclude any difference in genotype classification due to the probes, we have checked, in a blinded study, 36 of our samples (12 of each genotype) with our 1.4-kb probe (-70 (11) .
In both studies, BMD was measured by dual-photon absorp- 
